The presence of elemental vacancies in materials are inevitable according to statistical thermodynamics, which will decide the chemical and physical properties of the investigated system. However, the controlled manipulation of vacancies for specific applications is a challenge. Here we report a facile method for creating large concentrations of S vacancies in the inert basal plane of MoS2 supported on semimetal CoMoP2. With a small applied potential, S atoms can be removed in the form of H2S due to the optimized free energy of formation. The existence of vacancies favors electron injection from the electrode to the active site by decreasing the contact resistance. As a consequence, the activity is increased by 221 % with the vacancy-rich MoS2 as electrocatalyst for hydrogen evolution reaction (HER). A small overpotential of 75 mV is needed to deliver a current density of 10 mA cm -2 , which is considered among the best values achieved for MoS2. It is envisaged that this work may provide a new strategy for utilizing the semimetal phase for structuring MoS2 into a multifunctional material.
Introduction
The elemental vacancies in materials, which are generally called defects, are considered to be perfect and powerful tools for designing various functional materials. [1] [2] [3] [4] The vacancies can be viewed as virtual atoms that have an empty electronic state at the vacuum level, and thus the charge imbalances will lead to the redistribution of charges and consequently induce defect levels in the band gap, resulting in a richness of phenomena such as band gap narrowing, band bending, and symmetry distortion. [5] As a typical two-dimensional (2D) material, MoS2 provides an ideal prototype to explore the interaction between vacancies and functions, especially in the field of electrochemical water splitting. [6] [7] [8] [9] [10] [11] It has been proven that the edge sites are catalytically active, while the basal plane is pretty inert. [12] Recent work demonstrated that sulfur vacancies could serve as another important catalytically active site for HER due to the favorable adsorption free energy. [13, 14] This is supported by the theoretical calculations of the formation energy of S vacancies, which is much lower than that of Mo vacancies. The major result is the emergence of impurity states in the bandgap that allow favorable hydrogen adsorption. [15] [16] [17] However, the controlled fabrication of S vacancies in the inert plane of MoS2 is a formidable challenge and generally needs critical conditions such as electron/argon irradiation, hydrogen plasma treatment, or high-temperature annealing. [18, 19] A recent work reported the possibility of creating S vacancies in the electrochemical process but need a large accessible applied potential. This is understandable because the removal of S by H2 to release H2S is very endothermic and kinetically difficult to achieve. [20, 21] Recent work found that the robust electronic states on topological insulators could enhance the adsorption of various molecular species when covered by selected catalytic metal layers. [22] [23] [24] Informed by the deposition of oxide thin films on the substrate, where oxygen vacancies can be formed due to the strong affinity between oxygen and the element from the substrate, [25] it is very interesting to explore the synergistic effect on the formation of S vacancies in the semimetal phasesupported MoS2.
As a recently defined semimetal, CoMoP2 is selected as the supporting substrate because of the good conductivity and similar hexagonal structure as MoS2. [26] Density functional theory (DFT) calculation predicted that the S atoms in the basal plane could be activated and removed by bonding with hydrogen. The formation energy barrier for H2S was significantly decreased in comparison with the pure MoS2 phase without support. S vacancies with a concentration of 13 % could be created in the electrochemical process. Consequently, the catalytic activity was increased by 221 % at a given overpotential (-0.25 V vs RHE) and show high stability in a wide potential window. This opens new pathways for the ready creation of vacancies in 2D materials for various applications.
Experimental

Synthesis of the catalysts
The topological semimetal CoMoP2 was synthesized by a solid state reaction. In a typical synthesis, 0.25 mmol NH4Mo7O24 4H2O, 1.75 mmol Co(NO3)2·6H2O, 4 mmol NH4Mo7O244H2O, 4 mmol (NH4)2HPO2, 4 mmol citric acid, and 2.5 g urea were dissolved in distilled water. Then the solution was dried at 80℃ and then heated at 500 ℃ for 4 h in the air. After this, it was moved into a tube furnace and heated at 850 ℃ for 2 h with a heating rate of 1 ℃ / min. Hydrogen flow was used in this process. 
Characteristic techniques and electrochemical activation strategy
Powder X-ray diffraction (XRD) data were recorded with a Bruker D8 Advance diffractometer equipped with a Cu Kα source (λ = 0.15406 nm). The morphologies and structures of the products were characterized by TITAN 80/300 electron microscope. All the potentials reported in this work were converted to a reversible hydrogen electrode according to E (versus RHE) = E (versus Ag/AgCl) + (0.207 + 0.059 pH) V.
Theoretical calculations
The 
Results and discussions
Theoretical prediction of S vacancy formation
To explore why and how S vacancies are formed, we first performed DFT calculations of the surface free energies on three different supercells: (a) In the case with one S atom adsorbed on the S vacancy (denoted as □ S, which can also be called pristine Figure S1c ). As shown in Figure 1b , the surface energy of Mo □ Sx/CoMoP2 is larger than that of pristine structure, until the potential of as low as -1.26 V vs RHE. This is inconsistent with previous research, which indicated that despite perfect 2D materials such as MoS2, is predicted to be unstable upon thermal fluctuation, [27] the creation of vacancies in the basal plane is reasonably difficult. [28] However, once created, they can be occupied immediately by hydrogen atoms under the electrochemical conditions in a broad potential window below 0.42 V vs RHE as illustrated by the arrow in Figure   1b . This value is much higher than that of pure MoS2 phase, with a value of -0.26 V vs RHE. [20] This readily explains the instability of S vacancies because they can be easily passivated by adsorbates. [29] The vacancies created while supported on semimetal CoMoP2 are more stable than the pure MoS2 phase. We then calculated the Gibbs free energy for H2S, which is the desulfurization process of making S vacancies. This is a two proton-electron transfer process, as shown in Figure 1 a and b. The transfer of the first electron and proton needs the energy of 1.43 eV, while the second protonation to form adsorbed H2S is uphill by about 1.51 eV from the first step. However, the whole reaction becomes exergonic with an absolute applied potential in the electrochemical environment. The ∆G for the formation of gaseous H2S was decreased to only 0.08 eV for the MoS2/CoMoP2 heterostructure, which is much lower than that for pure MoS2
with a value of -0.83 eV. This means that the S can be removed more efficiently as H2S
gas and serves as activity centers in the following HER process.
Catalyst structure and composition
Based on the calculations, we constructed the hybrid structure by a two-step process as illustrated in Figure 1d 
Electrochemical activation and HER performance
The electrochemical activation process of the pristine MoS2 for HER was conducted in Then, a long-term stability test was carried out on the pristine CMPS sample with a constant overpotential of 126 mV without iR corrections ( Figure S4 ). Interestingly, instead of remaining unchanged or exhibiting degradation in current densities with increasing measurement time, we found a continuously increasing current density. The polarization curve was recorded after 20 h of measurement, as shown in Figure 3b . The overpotential to deliver a current density is decreased to 110 mV. For a meaningful comparison, a normalized current density increment is defined as ∆ / 0 , where 0 is the current density of pristine CMPS, and ∆ is the current density increase at -0.25 V. [20] This value was determined to be 115 % after 20 h, and it increased to 221% after another 20 h of further testing. Impressively, the overpotential to produce a current density of 10 mA/cm 2 is only ~ 75 mV after activation. This value is better than most reported MoS2 based catalysts (Table S1 ), such as CoS-doped β-Co(OH)2@amorphous MoS2+x hybrid (143 mV), [31] MoS2/Ni3S2 heterostructures (110 mV), [32] MoS2/NiCo-layered double hydroxide (78 mV), [33] and metallic-phase MoS2 nanosheets (175 mV). [34] Furthermore, the polarization curve after 40 h plus 5000 cycling test is compared in Figure 3b . The minuscule difference in current density suggests the high long-term stability of our vacancy-rich catalyst in the HER process.
To confirm the increase of active centers, the active surface areas of the catalyst before and after activation were analyzed by their electrochemical double-layer capacitances (Cdl) (Figure S5-7) . As shown in 3a, the Cdl increased dramatically from 62.1 to 244 mF cm −2 after 20 h activation, and finally to 412 mF cm −2 after 40 h, illustrating that the increase in catalytic activity can be attributed to the increased electrochemical surface area of MoS2. As a comparison, pure MoS2, or Ni foam show no activation from the LSV (Figure S8 and S9) . Electrochemical impedance spectroscopy (EIS) was performed under the HER conditions (Figure 3d ). The Nyquist plots reveal that the charge-transfer resistance shows a significant decrease after activation. This indicates an increase in the number of edge-terminated states or vacancy states that were acting as catalytic centers, which favors electron injection from the Ni foam substrate to the catalyst.
Catalyst structure evolution before and after electrochemical activation
The phase structure, as well as the formation of S vacancies, were examined by X-ray photoelectron spectroscopy (XPS). For the pristine MoS2/CoMoP2 sample, a small S 2s peak (226.1 eV) next to the Mo 3 d5/2 peak was observed (Figure 4a ). (Figure 4g ). [46, 47] 
Conclusions
In conclusion, large concentrations of S vacancies were created in the basal plane of MoS2 when supported on the topological semimetal CoMoP2. Structural characterization revealed that the created vacancies can serve as new catalytic centers for HER and are related to the increase in activity by more than a factor of two, and the efficient electron injection from the electrode to the catalyst. DFT calculations further confirmed these results by revealing a significant decrease in the Gibbs free energy for H2S in the electrochemical process. This synergistic approach could not only be used to design high performance HER catalysts, but also provides a general strategy for creating vacancies for various applications. 
